Three colorimetric techniques and one enzymatic technique have been compared with an HPLC method for the analysis of salicylate in the plasma of patients after self-poisoning with aspirin. The enzymatic technique was specific but expensive to perform. The colorimetric techniques were simple. cheap and precise. The Keller method, however, was susceptible to interference from endogenous substances. We report a modification of the Keller method that eliminates most of this interference and improves the accuracy of the analysis. The new method is easier and safer to perform under emergency conditions than the Trinder technique.
Ingestion of overdose amounts of salicylate accounts for about lO'}'o of adult admissions to hospital for deliberate self-poisoning in the UK. In about 20% of cases, treatment is carried out to increase the rate of elimination of salicylate; forced alkaline diuresis may be necessary if the plasma salicylate concentration exceeds 500 mglL. I To confirm the diagnosis of salicylate intoxication and assess the severity of poisoning, rapid measurement of plasma salicylate concentration is required.
Colorimetric methods are widely used; most of these involve the formation of a purple complex with ferric salts in weakly acidic solution, with absorbance measurement at 540 nm. The Keller method/ is quick and robust, and may be used by relatively inexperienced staff, but two types of interference are seen in the absence of salicylate. First, substances which absorb light at 540 nm, but do not react with ferric ions, generate an absorbance which is' subtracted by preparing a plasma blank omitting ferric salts. This procedure also compensates for turbidity in the plasma. Secondly, some interfering compounds (e.g. keto-acids) react with ferric ions to give a colour which is compensated by subtracting an 'average' value derived by assaying a serum pool. In practice this is often done by preparing calibration standards in pooled serum; the resulting graph shows an intercept on the Correspondence: Dr 0 R Jarvie.
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absorbance axis equivalent to this 'average' value. This contribution is variable; it can have a significant effect on the accuracy of the assay in patients' samples, particularly at therapeutic concentrations, and can also occasionally cause spuriously high results.
Several techniques have been proposed to minimise these problems. Brodie. Udenfriend and Coburrr' used time-consuming solvent extraction and back-extraction to separate salicylate from interfering substances. Trinder" removed some interference by precipitating protein with mercuric salts; this method is simple and rapid but the precipitate does not always sediment cleanly and mercuric salts are toxic. Salicylate has also been measured by differential ultra-violet spectroscopy' and by fluorimetry," but these methods are still relatively non-specific and solvent extraction is necessary to reduce interference. Specific techniques such as gas chromatography," high performance liquid chromatography (HPLC),x and enzymatic assay" have also been described.
Use of the Keller method in this laboratory occasionally led to high results which appeared to be due to the inability of the plasma blanks to compensate fully for interference. In a modification of the Keller technique, we prepared plasma blanks by adding phosphoric acid to the reaction mixture; this removes the purple colour due to salicylate, and was used by Trinder" in the preparation of urine blanks.
Many substances which interfere in the original Keller technique yield a colour which remains in the phosphoric acid hlank.
In this study the performances of three colorimetric techniques (Keller, modified-Keller and Trinder methods) were compared with an HPLC method" using plasma samples from poisoned patients. The enzymatic technique based on Chuhh et al. ' I was also assessed, and compared with the HPLC method, in a smaller study.
Materials and methods

MATEKI" I.S
Laboratory chemicals and HPLC-grade solvents were obtained from BDH Ltd, Poole, Dorset, UK; salicylate used for standardisation was obtained from May and Baker Ltd, Dagenham, Essex, UK.
Ouantase" enzymatic kits were provided hy Porton Products Ltd. CAMR, Porton Down. Salisbury, Wiltshire. UK.
PATlENrS' SPECIMENS
Specimens were received from 116 patients admitted to the Regional Poisoning Treatment Centre, Royal Infirmary, Edinburgh, UK after suspected self-poisoning with salicylates. Blood was collected into lithium heparin tubes on admission, and the plasma separated and refrigerated until analysis hy the colorimetric and HPLC techniques. For comparison of the enzymatic technique with IIPLe, samples from 42 patients were analysed.
METHODS
Keller mel!t(}{(!
To (I·S mL patient's plasma was added S·(I mL colour reagent /11·1 g Fe(NO~h9H20 in 2 L of 3X mmol/L nitric acid) or S·(I mL of 3X mmol/L nitric acid (blank). After mixing, the absorbance of each was determined at S4(1 nm using cuvcttes of I em light-path in an SP H-HK) spectrophotometer (Pye-Unicarn Ltd, Cambridge. UK). The absorbance of the blank was subtracted from that of the test: the salicylate concentration was read from a calibration graph prepared using standards made up in bovine serum.
Modified Keller method (Jarvie. unpublished) To O·S mL patient's plasma was added S·(I mL colour reagent (as for Keller method). After mixing. the absorbance at S4(1 nm was re-Plasma salicylate analysis 365 corded. The mixture was replaced in the tube, 0·1 mL of 2·8 moVL orthophosphoric acid was added with mixing, and the absorhance of the decolourised solution determined using the same cuvette. The difference was calculated, and the salicylate concentration read from a calibration graph prepared using standards made up in bovine serum.
Trinder method"
To (1·5 mL patient's plasma was added 5·0 mL colour reagent (40 g mercuric chloride, AnalaR grade in 120 mL of 1·0 mol/L HCI and 40 g Fe(NO,).;-9H 20, made up to IL with water). After thorough mixing, the precipitated protein was removed by centrifugation (1500 x g. 5 min). The absorbance of the supernatant was read at 540 nm and corrected by subtracting the absorbance of a reagent blank (0,5 mL distilled water +5·0 mL colour reagent). The salicylate concentration was read from a calibration graph prepared using standards made up in bovine serum.
HPLC method"
The equipment consisted of a Pye Unicam LC3 system fitted with a Rheodyne 7125 syringeloading sample injector (20 I!L) and a UV detector at 246 nm. The column was 4·6x 11K) mm stainless steel packed with 5 urn ODS Hypersil (Capital HPLC Specialists, Bathgate, UK). A similar 50 mm scavenger column was connected between the pump and the injector in order to extend the life of the analytical column. The mobile phase was 2 mmoVL potassium nitrate in 20 giL acetic acid.isopropanol:ethyl acetate (25:3: I), filtered and degassed with helium. The pump pressure was 12 MPa, the recorder range 0·32A and chart speed J() mm/min. Plasma samples and standards (200 ul.) were added to 2(K) I!L of a 1:4 aqueous dilution of stock internal standard (toO mg benzoic acid, AnalaR grade, in 5 mL methanol, to, which was added 33 mL 61'X, perchloric acid, Aristar grade. and water to 11K) mL). These were vortex-mixed and centrifuged at 9500 x g for l)() s (TDx centrifuge, Abbot Laboratories) and the supernatant (20 I!L) taken for HPLC. The internal standard peak eluted at 7 min and salicylic acid at II min. Peak height ratios were calculated.
QI/(IIlIUse ' M method
In the Ouantase" enzymatic and colorimetric procedure. catechol fo~med in the presence of salicylate mono-oxygenase and NADH reacts with 4-aminophenol at high pH to yield a blue product Sample, or standard in aqueous albumin, (50 !AL) was added to 1·0 mL of enzymatic reagent; the solution was vortex-mixed and incubated for 4 min at room temperature. Then 1·0 mL of 4-aminophenol solution and 1·(1 mL of sodium hydroxide reagent were added and mixed. Absorbance was read at 565 nm after 2 min at room temperature. No sample blank was required in this study, since no sample was highly pigmented or lipaemic.
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CALIBRATION AND QUALITY ASSESSMENT
Calibration standards (1OO-8m mglL) for the colorimetric and HPLC techniques were prepared by dissolving sodium salicylate in water (40 g/L) and diluting with bovine serum. The same material was used to calibrate all four methods. Quality assessment samples (150, 450 and 750 mglL) were prepared by dissolving sodium salicylate in water (40 g/L) and diluting with drug-free pooled human serum. Concentrations are expressed in terms of free salicylic acid. Patients' plasma specimens with the following characteristics were selected from the routine clinical chemistry laboratory: visually obvious haemolysis; elevated bilirubin concentration (4~45!AmoI/L); mild lipaemia (just detectable by eye); gross lipaemia (milky plasma); clinically-diagnosed diabetic ketoacidosis (total CO 2 concentration 7-22 mrnol/L, glucose concentration 2·1-61·5 mmol/L); and chronic renal failure (urea concentration 21·2-40·5 mmol/L, creatinine concentration I}(K1-1750 umol/L). Drug interference was tested by dissolving weighed amounts of the drug in bovine serum.
Results
COLORIMETRIC METHODS
Assay performance
Absorbance differences were linearly related to the salicylate concentration in the bovine serum standards (0-800 mglL) in all three colorimetric techniques and in the HPLC technique. Precision data using quality assessment samples prepared in human serum are shown in Table I . The precision of the colorimetric assays was similar at the three concentrations; the HPLC --
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'Minimum concentration at which salicylate can be distinguished from interfering substances, corresponding to an absorbance 2 x SD above the mean measured in salicylate-free samples. 
Data were calculated by the method of least squares regression and SD values derived from Table I method was less precise. The minimum concentration at which salicylate can be distinguished from interfering substances was assessed by determining the mean and SD of the measured absorbance for samples in which no salicylate was detected by HPLC. The results ( Table 2) indicate that the detection limit is much higher for the Keller method than for the modified Keller and Trinder techniques.
Comparison
Comparison of the Keller method with the HPLC technique (Table 3 , Fig. 1 ) revealed more scatter than the other colorimetric methods (r=()'99l) and a significant positive intercept (P<O-()())), corresponding to a salicylate concentration of 13-2 mg/L: the slope did not differ significantly from )·00. The modified Keller method compared well with HPLC (Fig. 2) ; the intercept was small and did not differ significantly from zero, nor did the slope differ significantly from )-()(). The Trinder method also compared well with HPLC ( Fig.   800 3). but the slope corresponded to a slight (I· 3%) underestimate of salicylate concentration.
Interference
Haemolysis did not interfere with any of the colorimetric methods (Table 4a ). Samples with bilirubin concentrations grossly elevated above the reference range (2-17 umol/L) gave a green colour whose absorbance at 540 nm in the Keller method was well correlated with bilirubin concentration; the apparent salicylate concentration increased by 2Y mglL for every 11K) (10) Hypcrbihrubinacrnia (14) Mild lipaemia (12) Gross lipaemia (6) Diabetic ketoacidosis (2(1) Chronic renal failure ( than the control samples. Although the increase was not itself statistically significant, the Keller values were correlated with total CO 2 with a significant negative slope (P<O·OI); a decrease of 10 mmollL in total CO 2 resulted in an increase of 26 mg/L in apparent salicylate concentration. Interference in the modified Keller technique was much less. Renal failure generated slight interference only in the Trinder technique. Salicyluric acid gave a positive interference which was similar in the three colorimetric assays, as did the salicylate analogue diflunisal (Table 4b) . Chlorpromazine yielded a pink colour which interfered particularly in the Keller and modified Keller methods. One patient had taken an overdose of Weudorm" but no salicylate. Welldorm (dichloral phenazone) is metabolised to trichloroethanol and phenazone; the latter gave a positive interference in all three colorimetric methods, particularly in the Trinder method. This was the only sample in our study in which gross drug interference was observed; it was excluded from the method comparison.
QUANTASF.™ METHOD
Colour development
Absorbances were recorded at I min intervals (Pye-Unicam SPI8()() to determine the best time for reading after adding colour reagent and mixing (Fig. 4) . The absorbance of the reagent blank was found to rise for 7 min after mixing. The absorbance of the standard fell after 1 min. Test samples with a low salicylate concentration show a maximum absorbance at about 5 min; test samples with a higher concentration show an absorbance fall after I min.
Reading test and reagent blank at 2 min, as recommended, is a good compromise, but the timing has to be standardised. standards (lk)()() mglL) used for HPLC were found to be linear with a slope of 1·00 (SE 0,(1), an intercept of 4 mglL (SE 3 mg/L) and r= HJO. A comparison of the Quantase™ with HPLC results using 42 patients' samples showed that the slope was not significantly different from 1·00 and the intercept not significantly different from zero (Table 3 and Fig. 5 ).
Comparison
Interference
Specimens from the patient treated with Welldorm gave zero results with the Quantase™ method.
Discussion
Colorimetric methods for the measurement of plasma salicylate concentrations are widely used in hospital laboratories in spite of a suggested lack of specificity. A report of the UK External Quality Assessment Scheme issued in April 1986 revealed that, of a total of 279 participating laboratories, about 86% use Trinder-based methods and about 9'Yo use the Keller method. During the previous 6 months (November I985-ApriI1986) participants using the Trinder method had an average CV of 5·7% (range 5·1-6·7%); the corresponding CV for Keller method users was 7·3% (range 5·0-10,0%). The current average Mean Running Variance Index Scores!" (calculated against the overall mean) are 50 for the Trinder methods and 54 for the Keller group (DG Bullock, personal communication). In another report of an external quality assessment scheme, Wiener!' quoted an interlaboratory CV of 9°/., for the Trinder method and 12% for the Keller method, and drew attention to the smaller number of Keller users. In our study, the three colorimetric assays gave similar precision (Table 1) ; all were more precise than the HPLC procedure used.
Precision figures derived from quality assessment material do not reveal discrepancies caused by interfering substances in patients' samples. In our study. the increased scatter and the positive intercept in comparison with HPLC suggested that the Keller technique was rather more susceptible than the other colorimetric methods to this type of interference.
It is unlikely that salicylate metabolites are responsible for significant interference. It has been shown that in mild to severe salicylate poisoning. the plasma concentration of salicyluric acid is relatively low (I-III mg/L);!' The concentration of salicyl acyl and phenolic glueuronides in plasma is much lower than that of salicylate; u, 14 the three conjugates total about I% of the salicylate concentration. 15 The spurious elevation of plasma salicylate concentrations measured by the Trinder method has been reported in Reye's syndrome.P: II. This was attributed to a number of endogenous substances including acetoacetic acid, other 3-ketoacids, 3-hydroxybutyric acid, alcohols, catechols and catecholarnines. II> Reye's syndrome is an uncommon encephalopathy of uncertain aetiology predominantly seen in children; 17. IX it typically develops in a child recovering from a mild viral infection and is unlikely to be confused with a possible overdose of salicylates.
All the colorimetric assays are susceptible to interference from certain drugs. Frings" listed 67 drugs that did not react with the Trinder reagent at concentrations ranging from 5 to 1000 mg/L, but reported that some phenothiazines interfered with the assay when present in the concentration range 2o-HK) mg/L. Our studies suggest that interference by chlorpromazine at overdose concentrations would be negligible, but that interference due to the salicylate analogue diflunisal could be appreciable in all the colorimetric methods. In our experience, drug interference in salicylate analysis has been infrequent; and in this study only one patient's result was affected. The analyst should, however, request as much information as possible about drugs taken in addition to salicylate, or given in treatment.
Kang et al. 15 listed 31 compounds (mostly endogenous) that complex with ferric iron and absorb at 540 nm. For each compound a 'percentage of comparability' with salicylate was calculated; acetoacetic acid had a 5'Yo comparability with salicylate. In patients with diabetic ketoacidosis (Table 4a) , we found that the Keller technique gave an apparent salicylate concentration which increased as the plasma total CO 2 decreased. This effect was probably due to elevated concentrations of acetoacetic acid and other ketoacids: it was of small magnitude and would not invalidate the use of the Keller method for the determination of salicylate in overdosage. Lipaemia and hyperbilirubinaemia, however, interfered seriously with the Keller method. Even mild lipaemia resulted in a mean apparent salicylate concentration of 40·S mglL (SD 19, 4) ; this slight turbidity of samples may easily be overlooked in an emergency and give rise to spuriously high values if the Keller technique is used.
The Keller method is unsuitable for the measurement of low concentrations of salicylate, because the variable absorbance measurable in salicylate-free samples implies a high detection limit ( Table 2 ). This absorbance presumably represents the sum of the effects of interferences such as bilirubin, lipaemia, ketoacids and amino-acid metabolites." The use of pooled serum standards to compensate for these effects is an arbitrary device which still leaves an apparent mean 'salicylate' concentration of 16·7 rng/L in salicylate-free samples (Table 4a ). The pooled serum standards compensate much more fully for interference in the other colorimetric methods. The source of the serum is important; human serum may contain salicylate, and animal serum may yield high absorbances due to interfering substances. Although bovine serum proved satisfactory, any pooled serum gives an 'average' compensation; thus salicylate-free patients' samples may give negative results. The percentage contribution due to interference is smaller in salicylate overdosage; a difference of 50 mglL may, however. affect the decision whether or not to treat a patient actively, and such differences may easily be generated by mild lipaemia when the Keller method is used.
In our limited experience the Quantase"IM kit method is a simple and convenient two-stage procedure. There was a linear relationship between absorbance measured and salicylate concentration over the range (~OO rng/L. Chubb et al.'J report a high degree of specificity. accuracy and precision (Cv 2-6%) using their method; this included a sample blank with every sample. Of 54 drugs tested. only Nacetylcysteine and cysteamine affected salicylate recovery. No significant interference was observed due to the addition of fresh haemolysate, bilirubin or Intralipid. A further advantage of Quantase' IM is the small sample requirement (50 ul.). The cost of this method, however, makes it difficult to recommend for such a frequently requested analysis. Ouantase" costs .£ 1·60 per specimen or standard compared to lip. xp and II p. respectively. for the Keller. modified Keller and Trinder procedures.
In conclusion. we do not feel that laboratories need to change from colorimetric to more specific techniques for the emergency estimation of salicylate in self-poisoned patients. These measurements often have to be performed during the night. by staff who may not be familiar with chromatographic methods. All three colorimetric methods compared well with the HPLC method. The Trinder method performed well. but calls for additional sample manipulations and requires the use of toxic reagents. The Keller method was the most susceptible to interference, but most of this was eliminated by the phosphoric acid modification. This was as rapid and simple to perform as the original Keller technique. and can be used to measure low concentrations such as those following topical administration.~II This modified Keller method gives a more accurate measurement of salicylate concentrations in poisoned patients and is well suited to emergency or out-of-hours usc.
